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Final  Report  (IS***  March  2014  -  14*  March  2015) 

Development  of  Lattice  Trapped  Polar  Molecules  for  Quantum  Simulation 

In  year  1  of  the  grant  (15*  March  2012  -  14*  March  2013),  we  worked  on 
optimized  production  and  spatial  manipulation  of  Li-Yb  mixtures  in  a  weak  regime  of 
interactions,  as  well  as  a  first  exploration  of  Yb  as  a  bath  or  probe  for  a  strongly 
interacting  Fermi  gas  of  lithium.  These  resulted  in  publications  [1]  and  [2]. 

In  the  weak  interactions  regime,  we  achieved  nearly  pure  ^^"^Yb  Bose-Einstein 
condensates  of  about  2.5x10^  atoms  and  173Yb  Fermi  degenerate  gases  of  about  10^ 
atoms  at  T=0.3Tf  in  single  species  experiments.  We  achieved  a  fast  repetition  rate  of  Yb 
condensate  production  to  10  seconds,  with  fewer  numbers  of  5  x  10"^  atoms  in  the  BEC. 
For  dual  species  experiments,  Ei  is  co-trapped  and  sympathetically  cooled  by  Yb.  By 
controlling  the  final  depth  of  the  evaporation  ramp,  we  achieved  simultaneous 
degeneracy,  with  atom  numbers  of  few  times  10"^  for  each  species.  By  sacrificing  all  of 
the  coolant  Yb  though  evaporation,  we  cooled  to  as  low  as  6%  of  the  Fermi  temperature 
in  ^Ei.  By  keeping  a  small  amount  of  Yb  in  the  trap,  we  establish  a  system  in  which  Yb 
may  act  as  a  probe  of  the  ^Ei  degenerate  Fermi  gas.  The  problem  of  differential 
displacement  due  to  gravitational  sag  is  inherent  in  any  two-species  experiment.  Using  a 
magnetic  field  gradient  and  taking  advantage  of  the  fact  that  ground  state  Yb  has  no 
magnetic  moment,  we  demonstrated  the  elimination  of  this  differential  displacement 
between  Ei  and  Yb.  In  our  case,  the  spatial  overlap  is  optimized  at  64G/cm,  where  the 
differential  gravitational  force  on  the  two  atomic  masses  is  cancelled  by  the  differential 
magnetic  force  [2] . 

We  brought  the  Ei-Yb  system  into  a  regime  of  strong  interactions  by  tuning  an 
external  magnetic  field  in  the  vicinity  of  the  broad  Feshbach  resonance  between  two 
lithium  spin  states  at  834  Gauss.  We  studied  the  dynamics  of  Ei  Feshbach  molecules  in  a 
bath  of  Yb  atoms.  In  the  unitary  regime  of  the  Feshbach  resonance,  the  Ei  fermions 
displayed  good  collisional  stability  in  the  presence  of  the  Yb  bath  making  Yb  a  promising 
candidate  for  a  bath  or  probe  of  strongly  interacting  Ei  fermions  [1]. 

In  year  2  of  the  grant  (15*  March  2013  -  14*  March  2014),  we  initiated  the 
optical  lattice  setup  for  our  experiment  and  also  created  a  new  ultracold  heteronuclear 
system  of  ground  and  excited  state  atoms.  This  resulted  in  publication  [3]. 
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Our  optical  lattice  operates  at  the  wavelength  lOVOnm.  The  light  is  generated  by 
amplifying  the  output  of  a  diode  laser  through  a  fiber  amplifier  (NuFern,  SOW).  At  this 
wavelength  the  relative  Stark  shift  between  Li  and  Yb  atoms  Uu/UYb  is  about  2.  As  a  first 
demonstration,  we  implemented  a  ID  optical  lattice  using  a  single  retro-reflected  beam 
on  a  EEC  of  '’"^Yb  atoms.  The  beam  waist  was  90pm,  yielding  a  peak  lattice  depth  of 
8.5pK  per  Watt  for  ytterbium.  For  a  short  pulse  of  length  lOps,  we  observed  the  Kaptiza- 
Dirac  diffraction  of  the  EEC  into  several  momentum  states  separated  by  2  units  of  lattice 
recoil.  If  the  lattice  was  adiabatically  turned  on,  we  observe  healthy  lifetimes  of  several 
seconds  for  atoms  trapped  in  the  resultant  array  of  2D  pancake  traps.  The  needed 
upgrades  to  implement  higher  dimensional  optical  lattices  have  also  been  initiated.  We 
split  the  output  of  the  fiber  amplifier  into  three  parts  and  sent  each  through  a  separate 
acousto-optic  modulator  (AOM).  The  three  resultant  beams  will  be  fiber-coupled  to  the 
vacuum  chamber.  Each  lattice  dimension  is  set  up  for  retro-reflection.  The  AOMs  serve 
to  frequency  shift  each  beam  differently,  avoiding  interference  effects  between 
dimensions.  The  AOMs  are  also  used  for  intensity  stabilization.  We  expect  to  extend  our 
ID  lattice  to  a  3D  lattice  soon  and  observe  the  Mott-insulator  (MI)  transition  in  Yb  as  a 
first  test. 

We  prepared  a  new  mixture  of  internal  states  to  explore  strong  interactions  in  the 

-5 

Ei-Yb  system.  Ey  exciting  Yb  into  a  metastable  P2  state  (Yb*),  we  introduced  anisotropy 
into  the  interactions  with  ground  state  Ei,  which  in  turn  is  predicted  to  lead  to  broad 
Feshbach  resonances.  We  prepared  this  novel  ultracold  mixture  and  began  assessment  of 
its  inelastic  properties  as  a  function  of  magnetic  field  in  order  to  harness  the  inherent 
anisotropic  interactions  [3]. 

In  year  3  of  the  grant  (15*  March  2014  -  14*  March  2015),  we  completed  an 
assessment  of  the  anisotropic  interactions  in  the  Ei-Yb*  system  using  a  mixture  of  the 
mj=-l  state  in  ^’'^Yb  (^P2)  and  the  lowest  Zeeman  state  in  ^Ei.  of  the  two  species.  Our 
results  together  with  theoretical  support  from  Svetlana  Kotochigova’s  group  at  Temple 
University  provide  evidence  for  a  Feshbach  resonance  due  to  anisotropic  interactions  at  a 
field  of  450  Gauss.  Feshbach  resonances  have  previously  not  been  observed  between 
alkali  and  alkaline-earth-like  atoms.  These  findings  were  reported  in  publication  [4]. 


DISTRIBUTION  A:  Distribution  approved  for  public  release. 


2 


Subhadeep  Gupta 


We  also  produced  heteronuclear  molecules  of  ytterbium-lithium  using  the 
technique  of  photoassociation.  Thus  far  we  have  produced  such  molecules  in  an 
electronically  excited  state,  thus  identifying  an  intermediate  state  to  use  for  transfer  to  the 
electronically  ground  molecular  state  using  a  Raman  technique.  These  results  will  form 
part  of  a  future  publication. 

Finally,  we  have  also  substantially  upgraded  our  optical  trapping  and  related 
cooling  techniques  and  improved  atomic  number  (and  thus  experimental  signal/noise)  by 
more  than  one  order  of  magnitude  in  experiments  producing  quantum  degenerate 
mixtures  of  lithium  and  ytterbium.  The  experimental  stability  and  cycle  time  are  also 
significantly  better.  These  developments  bode  well  for  all  our  future  experiments  on  this 
system. 

Three  students  (Anders  Hansen,  Alexander  Khramov,  William  Dowd)  obtained 
their  PhDs  working  on  different  aspects  of  our  Li-Yb  experiment  during  the  course  of  this 
grant. 
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